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Two prominent vascular endothelial growth factor
(VEGF)-induced retinal effects are vascular permeabil-
ity and capillary nonperfusion. The mechanisms by
which these effects occur are not completely known.
Using a rat model, we show that intravitreous injec-
tions of VEGF precipitate an extensive retinal leuko-
cyte stasis (leukostasis) that coincides with enhanced
vascular permeability and capillary nonperfusion.
The leukostasis is accompanied by the up-regulation
of intercellular adhesion molecule-1 expression in
the retina. The inhibition of intercellular adhesion
molecule-1 bioactivity with a neutralizing antibody
prevents the permeability and leukostasis increases
by 79% and 54%, respectively. These data are the first
to demonstrate that a nonendothelial cell type con-
tributes to VEGF-induced vascular permeability. Addi-
tionally, they identify a potential mechanism for
VEGF-induced retinal capillary nonperfusion. (Am J
Pathol 2000, 156:1733–1739)

In experimental diabetes, the increased presence of
static leukocytes in the retinal circulation is correlated
with increased vascular permeability.1 The leukostasis
and vascular permeability changes coincide with the up-
regulation of retinal intercellular adhesion molecule-1
(ICAM-1). When ICAM-1 bioactivity is blocked with an anti-
body, the retinal leukostasis and vascular permeability in-
creases are reduced by 49% and 86%, respectively.1

When the retina is bathed in pathophysiological con-
centrations of vascular endothelial growth factor (VEGF),
enhanced vascular permeability and capillary nonperfu-
sion are among the vascular changes induced.2–4 The

mechanisms by which these changes occur are largely
unknown.

The current studies examined the mechanisms under-
lying VEGF-induced retinal permeability and nonperfu-
sion. Previous work has shown that ICAM-1 and VEGF
levels are increased in the diabetic retinae of humans
and rodents.1,5–7 Given the ability of VEGF to increase
ICAM-1 expression in the retinal vasculature,8 the role of
ICAM-1 in VEGF-induced vascular permeability and non-
perfusion was examined in vivo. Our results demonstrate
that the VEGF-induced changes are mediated, in part, via
the adhesion of leukocytes to ICAM-1.

Materials and Methods

Animals

All experiments were performed in accordance with the
Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the Animal Care
and Use Committees of the Children’s Hospital and Joslin
Diabetes Center. Long-Evans rats weighing approxi-
mately 200 g were used for these experiments. They were
allowed free access to food and water in an air-condi-
tioned room with a 12-hour light/12-hour dark cycle until
they were used for the experiments.

Intravitreous Injection Procedure

The rats were anesthetized with xylazine hydrochloride (4
mg/kg; Phoenix Pharmaceutical, St. Joseph, MO) and
ketamine hydrochloride (25 mg/kg; Parke-Davis, Morris
Plains, NJ). Intravitreous injections were performed by
inserting a 30-gauge needle into the vitreous at a site 1
mm posterior to the limbus of the eye. Insertion and
infusion were performed and directly viewed through an
operating microscope. Care was taken not to injure the
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lens or the retina. The tip of the needle was positioned
over the optic disk, and a 5-ml volume was slowly injected
into the vitreous. Any eyes that exhibited damage to the
lens or retina were discarded and not used for the anal-
yses.

Acridine Orange Leukocyte Fluorography
(AOLF) and Fluorescein Angiography

Leukocyte dynamics were evaluated using AOLF.9,10 In-
travenous injection of acridine orange causes leukocytes
and endothelial cells to fluoresce through the noncova-
lent binding of the molecule to double-stranded nucleic
acid. When a scanning laser ophthalmoscope is used,
retinal leukocytes and blood vessels can be visualized in
vivo. Twenty minutes after acridine orange injection, static
leukocytes in the capillary bed, if present, can be ob-
served.

Twenty-four hours before leukocyte dynamics were ob-
served, a heparin-lock catheter was surgically implanted
in the right jugular vein for the administration of acridine
orange and sodium fluorescein dye. The catheter was
subcutaneously externalized to the back of the neck. The
rats were anesthetized for this procedure with xylazine
hydrochloride (4 mg/kg) and ketamine hydrochloride (25
mg/kg).

Immediately before AOLF, each rat was again anes-
thetized, and the pupil of the left eye was dilated with 1%
tropicamide (Alcon, Humancao, PR) to observe leukocyte
dynamics. A focused image of the peripapillary fundus of
the left eye was obtained with a scanning laser ophthal-
moscope (Rodenstock Instrument, Munich, Germany).
Acridine orange (Sigma, St. Louis, MO) was dissolved in
sterile saline (1.0 mg/ml) and 3 mg/kg was injected
through the jugular vein catheter at a rate of 1 ml/minute.
The fundus was observed with the scanning laser oph-
thalmoscope using the argon blue laser as the illumina-
tion source and the standard fluorescein angiography
filter in the 40o field setting for 1 minute. Twenty minutes
later, the fundus was again observed to evaluate retinal
leukostasis. The images were recorded on videotape at
the rate of 30 frames/second. The recordings were ana-

lyzed on a computer equipped with a video digitizer
(Radius, San Jose, CA) that digitizes video images in real
time (30 frames/second) at 640 3 480 pixels with an
intensity resolution of 256 steps. For evaluating retinal
leukostasis, an observation area around the optic disk
measuring five disk diameters in radius was outlined by
drawing a polygon bordered by the adjacent major retinal
vessels. The area was measured in pixels and the density
of trapped leukocytes was calculated by dividing the
number of static leukocytes, which were recognized as
fluorescent dots, by the area of the observation region. A
leukocyte was considered static if its position did not
change for 3 minutes. The density of leukocytes was
calculated in 8 peripapillary observation areas and an
average density was obtained by averaging the 8 density
values (1 mm 5 3.2 pixels).

Immediately after observing and recording the static
leukocytes, fluorescein angiography was performed to
study the relationship between static leukocytes and the
retinal vasculature. Twenty microliters of 1% sodium flu-
orescein was injected into the jugular vein catheter and
the images were captured using the scanning laser oph-
thalmoscope as described above.

Quantitation of Retinal ICAM-1 mRNA Levels

Retinas were gently dissected free and cut at the optic
disk immediately after enucleation and frozen in liquid
nitrogen. Total RNA was isolated from rat retinas accord-
ing to the acid guanidinium thiocyanate-phenol-chloro-
form extraction method. A 425-bp EcoRI/BamHI fragment
of rat ICAM-1 cDNA was prepared by reverse transcrip-
tion-polymerase chain reaction. The polymerase chain
reaction product was cloned into pBluescript II KS vector.
After linearization by digestion with EcoNI, transcription
was performed with T7 RNA polymerase in the presence
of [32P]dUTP, generating a 225-bp riboprobe. An auto-
mated DNA sequencer verified the sequence of the
cloned cDNA. Ten micrograms of total cellular RNA was
used for the ribonuclease protection assay. All samples
were simultaneously hybridized with an 18S riboprobe
(Ambion, Austin, TX) to normalize for variations in loading

Figure 1. VEGF-induced retinal leukostasis. A: AOLF appearance of a normal retinal before injection of 50 ng VEGF. B: AOLF appearance of the same retinal area
48 hours after intravitreous VEGF injection. Numerous static leukocytes are visible (white dots), as well as vessel dilation and tortuosity. Mobile leukocytes are
not visible in this phase of the study. Scale bar, 100 mm (3.2 pixels 5 1 mm).
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and recovery of RNA. Protected fragments were sepa-
rated on a gel of 5% acrylamide, 8 mol/L urea, 13 Tris-
borate-EDTA, and quantified with a PhosphorImager
(Molecular Dynamics, Sunnyvale, CA).

Quantitation of Retinal Vascular Permeability

Vascular leakage was quantified using the isotope dilu-
tion technique.11 Briefly, purified monomer bovine serum
albumin (BSA; 1 mg, Sigma, St. Louis, MO) was iodinated
with 1 mCi of 131I or 125I using the iodogen method.
Polyethylene tubing (0.58 mm internal diameter) was
used to cannulate the right jugular vein and the left or
right iliac artery. The tubing was filled with heparinized
saline (400 U heparin/ml). The right jugular vein cannula
was used for tracer injection. The iliac artery cannula was
connected to a 1-ml syringe attached to a Harvard Bio-
science model PHD 2000 constant withdrawal pump pre-
set to withdraw at a constant rate of 0.055 ml/minute. At
time 0, [125I] albumin (50 million cpm in 0.3 ml saline) was
injected into the jugular vein and the withdrawal pump
started. At the 8-minute mark, 0.2 ml (50 million cpm in
0.3 ml saline) of [131I] BSA was injected into the jugular
vein. At the 10-minute mark, the heart was excised, the
withdrawal pump was stopped, and the retina was
quickly dissected and sampled for g-spectrometry. Tis-
sue and arterial samples were weighed and counted in a
g-spectrometer (Beckman 5500, Irvine, CA). The data
were corrected for background and a quantitative index
of [125I] tissue clearance was calculated as previously
described11 and expressed as mg plasma 3 g tissue wet
weight21 3 minutes21. Briefly, [125I] BSA tissue activity
was corrected for [125I] BSA contained within the tissue
vasculature by multiplying [125I] BSA activity in the tissue
by the ratio of [125I] BSA/[131I] BSA in an arterial plasma
sample. The vascular-corrected [125I] BSA activity was
divided by the time-averaged [125I] BSA plasma activity
(obtained from a well-mixed sample of plasma taken from

the withdrawal syringe) and by the tracer circulation time
(10 minutes) and then normalized per gram tissue wet
weight.

Anti-ICAM-1 Antibody Inhibition of Retinal
Vascular Permeability and Leukostasis

To study the in vivo effect of ICAM-1 blockade on VEGF-
induced retinal vascular permeability and leukostasis, a
well characterized rat ICAM-1 neutralizing monoclonal
antibody (mAb) was used (1A29; R&D Systems, Minne-
apolis, MN).12–14 The animals were randomly divided into
five groups. The first group received no treatment. The
second group received 5 ml of phosphate-buffered saline
(PBS) injected into the vitreous of the left eye. The third
group received 50 ng VEGF165 in 5 ml PBS injected into
the vitreous of the left eye (12.5 nmol/L final concentra-
tion). The fourth group received 50 ng VEGF in PBS
injected into the vitreous of the left eye plus 5 mg/kg
isotype-matched normal mouse IgG1 (R&D Systems)
given intravenously. The fifth group received 50 ng VEGF
in PBS injected into the vitreous of the left eye plus 5
mg/kg of the anti-ICAM-1 mAb given intravenously.
Twenty-four hours later, retinal leukocyte dynamics and
vascular permeability were quantified.

Statistical Analysis

All results are expressed as the mean 6 SD. Unpaired
groups of two were compared using the two-sample t-test
or the two-sample t-test with Welch’s correction. To com-
pare three or more groups, analysis of variance followed
by the post hoc test with Fisher’s protected least signifi-

Figure 2. Dose-response graph of VEGF-induced retinal leukostasis. The
indicated amount of VEGF was delivered via intravitreous injection and
leukostasis was quantitated with AOLF 48 hours later.

Figure 3. Time course of VEGF-induced retinal leukostasis. Fifty nanograms
of VEGF or an equivalent volume of vehicle alone was delivered via intrav-
itreous injection and leukostasis was quantitated with AOLF at the indicated
time points.
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cant difference procedure was used. Differences were
considered statistically significant when P , 0.05.

Results

VEGF-Induced Retinal Leukostasis

A single 50-ng intravitreous injection of VEGF165 (R& D
Systems) in 5 ml PBS was able to induce marked retinal
leukostasis 48 hours later (Figure 1). Vessel dilation and
tortuosity were also evident. A dose-response study dem-
onstrated that a 2.6-fold increase in leukostasis could be
induced with as little as 10 ng VEGF (2.5 nmol/L) (Figure
2, n 5 5, P , 0.05). A plateau was reached with 50 to 100
ng VEGF (;4- to 5-fold, n 5 5, P 5 ,0.001 to 0.0001).
Based on these data, the 50-ng dose was chosen for the

time course experiments. Intravitreous injections of 50 ng
VEGF were followed by AOLF 6, 24, 48, 72, and 120
hours later. Twenty-four hours after intravitreous injection,
VEGF increased retinal leukostasis 4.8-fold (Figure 3, n 5
5, P , 0.01 versus vehicle control). The VEGF-induced
leukostasis increases peaked 48 hours postinjection and
persisted for at least 120 hours (n 5 5, P , 0.01).

To confirm that this effect was due to VEGF alone, four
rats received a mixture of VEGF with a 50:1 molar excess
of a previously characterized VEGF-neutralizing mono-
clonal antibody (A4.6.1, generous gift of Napoleone Fer-
rara, Genentech, South San Francisco, CA; Figure 4).
Co-injection of the anti-VEGF antibody completely abro-
gated the VEGF-induced leukostasis 48 hours later (n 5
4, P , 0.001).

VEGF-Induced Retinal Capillary Perfusion

Fluorescein angiography performed 20 minutes after
AOLF revealed relatively large areas of downstream cap-
illary nonperfusion associated with some of the static
leukocytes (Figure 5). The majority of the leukocytes ob-
served appeared to be in the intravascular space. Nor-
mal and vehicle-injected eyes did not exhibit nonperfu-
sion (data not shown).

VEGF-Induced Retinal ICAM-1 Gene Expression

Twenty hours after intravitreous injection of 50 ng VEGF
or PBS vehicle alone, total RNA was isolated from each
rat retina and ICAM-1 gene expression was quantitated
using the ribonuclease protection assay (Figure 6A).
When normalized to 18S, retinal ICAM-1 levels in the
VEGF-injected eyes were 2.8-fold greater than in the eyes
injected with vehicle alone (Figure 6B, n 5 5, P , 0.02).

ICAM-1 Blockade of VEGF-Induced Vascular
Permeability and Leukostasis

Animals receiving intravitreous VEGF had a 3.2-fold in-
crease in vascular permeabilty 24 hours after injection

Figure 4. Specificity of VEGF-induced leukostasis. Fifty nanograms of VEGF
were delivered intravitreously either alone or combined a 50 molar excess of
an anti-VEGF neutralizing mAb (clone A4.6.1). Leukostasis was quantitated
with AOLF 48 hours later.

Figure 5. Leukocyte-induced capillary nonperfusion. A: Fifty nanograms of VEGF were delivered via intravitreous injection and AOLF was performed 48 hours
later. B: AOLF was immediately followed by fluorescein angiography and showed areas of capillary nonperfusion downstream from static leukocytes (arrows).
Scale bar, 100 mm (3.2 pixels 5 1 mm).
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(Figure 7A, n 5 4, P , 0.0001 versus vehicle control).
Similarly, there was a 4.3-fold increase in retinal leuko-
stasis (Figure 7B, n 5 5, P , 0.0001 versus vehicle
control). Intravenous treatment with the nonimmune con-
trol antibody did not significantly alter the degree of
VEGF-induced permeability (Figure 7A, n 5 3, P . 0.05)
or leukostasis (Figure 7B, n 5 4, P . 0.05). However, the
animals receiving intravenous anti-ICAM mAb had a 79%
reduction in VEGF-induced retinal vascular permeability
(Figure 7A, n 5 4, P , 0.0001 versus untreated) and a
54% reduction in VEGF-induced retinal leukostasis (Fig-
ure 7B, n 5 4, P , 0.01 versus untreated).

Discussion

We have shown that VEGF induces retinal vascular per-
meability and leukostasis, in part, through ICAM-1. Reti-
nal leukostasis was also spatially linked to capillary non-
perfusion. The vitreous concentration at which VEGF
begins to induce these changes (12.5 nmol/L) is within
the range of vitreous VEGF concentrations observed in
human eyes with diabetic retinopathy.15–17 The leukosta-
sis observed in these studies was specific to VEGF be-
cause co-injection of a neutralizing antibody abrogated
the response. Finally, these findings are consistent with
our work showing VEGF-induced ICAM-1 expression in
the retinal vasculature.8

Figure 6. VEGF-induced retinal ICAM-1 gene expression. A: The ribonucle-
ase protection assay demonstrated that retinal ICAM-1 levels were signifi-
cantly increased 20 hours after the intravitreous delivery of 50 ng VEGF.
Control animals received 5 ml of PBS solvent alone. Each lane shows the
signal from one retina of one animal. The lane labeled “Probes” shows a
100-fold dilution of the full-length ICAM-1 and 18S riboprobes. The lanes
labeled “RNase2 (0.1)” and “RNase2 (0.01)” show the 10-fold and 100-fold
dilutions, respectively, of the full-length riboprobes without sample or
RNase. The lane labeled “RNase1” shows the full-length riboprobes with
RNase, but without sample. B: ICAM-1 protection assay data normalized to
18S signal.

Figure 7. Effect of anti-ICAM-1 mAb on permeability and leukostasis after
intravitreous VEGF injection. ICAM-1 bioactivity was inhibited via intrave-
nous administration of ICAM-1 neutralizing antibody, and retinal permeabil-
ity (A) or leukostasis (B) were evaluated, respectively. NS, not significant.
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Leukocyte adhesion secondary to VEGF has been pre-
viously demonstrated in the microvasculature of growing
tumors,18 the corneas of rabbits,19 and the skin of trans-
genic mice.20 Detmar and associates expressed VEGF
using the keratin 14 promoter and observed the induction
of a vascular cell adhesion molecule-1 (VCAM-1)-medi-
ated leukostasis in the dermis.20 In a separate study,
Melder and associates demonstrated VEGF-induced leu-
kocyte adhesion to tumor vasculature via ICAM-1 and
VCAM-1.18 A tissue-specific heterogeneity for the medi-
ating adhesion molecules may exist, as the Detmar study
showed that ICAM-1 inhibition did not affect VEGF-in-
duced skin leukostasis.18 The present data extend these
observations by suggesting that VEGF-induced leukosta-
sis is not an epiphenomenon, as the process is linked to
capillary nonperfusion and increased vascular perme-
ability.

At least two mechanisms may be operative in the gen-
eration of VEGF-induced vascular permeability. Previous
reports have shown that leukocyte-endothelial interac-
tions can trigger endothelial cell adherens and tight junc-
tion disorganization,21,22 as well as increases in vascular
permeability.23 Others have demonstrated that VEGF has
direct effects on vascular permeability.24 In vitro studies
have documented changes in electrical resistance and
hydraulic conductivity in isolated endothelial monolayers
treated with VEGF.24 Risau and coworkers were able to
induce fenestrations in VEGF-treated endothelial-epithe-
lial cell cocultures,25 extending the in vivo observations of
Roberts and Palade.26,27 These various mechanisms, al-
though distinct, are not likely to be mutually exclusive.
Leukocytes, via their own VEGF, may indirectly serve to
amplify the direct effects of VEGF when they bind to
endothelium. VEGF has been demonstrated in neutro-
phils,28 monocytes,29 eosinophils,30 lymphocytes,31 and
platelets.32 The fact that some leukocytes possess high
affinity VEGF receptors and migrate in response to
VEGF33 makes this scenario more likely.

The data also show that VEGF-induced capillary non-
perfusion occurs downstream from areas of leukocyte
adhesion. Leukocyte-mediated nonperfusion character-
izes experimental diabetic retinopathy.1 In diabetes,
patent capillaries become occluded downstream from
newly arrived static leukocytes. Later, after the disap-
pearance of the leukocytes, the capillaries reopen. Be-
cause neutrophil and monocyte diameters can exceed
those of retinal capillary lumens,34 leukocyte-mediated
flow impedance is a likely mechanism. Whether the de-
gree of VEGF-induced nonperfusion is sufficient to trigger
retinal hypoxia, a major inducer of VEGF gene expres-
sion, remains unknown. Similarly, it is not known if the
VEGF-induced leukostasis leads to capillary death, pro-
ducing the acellular capillaries that characterize diabetic
retinopathy. However, these possibilities seem likely and
are under investigation.

Taken together, the current findings indicate that
VEGF-induced vascular permeability is mediated, in part,
by ICAM-1-mediated retinal leukostasis. This mechanism
may be unique to the retina, as others have recently
demonstrated that VEGF can inhibit leukocyte-endothe-
lium interactions in the rat mesenteric circulation.35 These

data are the first to show that a nonendothelial cell type
can contribute to VEGF-induced vascular permeability.
They are also the first to provide a mechanism for the
retinal capillary nonperfusion induced by VEGF. Given
these findings, targeting ICAM-1 may prove useful in the
treatment of diseases characterized by VEGF-induced
vascular changes, such as diabetic retinopathy.
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